ABSTRACT We first propose and experimentally demonstrate an optical multi-carrier generation system based on probabilistic shaping, which can dynamically modify the frequency and probability in the time and frequency domains. In this paper, the variability of the adjustable crystal oscillator is used to realize the dynamic adjustment of local vibration frequency and the change of the frequency of optical millimeter wave (MMW). On the other hand, the multi-probability mapping is carried out through probability shaping. In this way, the MMW with multiple frequencies and probabilities is obtained. The frequency-hopping multicarriers are generated into three groups by using 20, 25, and 30 GHz as the local frequency and the BER of 20, 40, and 60 GHz under a different information entropy (3.15, 3.3, 3.45, 3.6, 3.75, and 3.9 bits/symbol) are measured. Through quadrature amplitude modulation, the transmission rate of 40 Gb/s can be realized. The experimental results indicate that the scheme has the advantages of higher flexibility and low cost, which can be applied to the approaching era of the fifth generation (5G) and the development of super 5G in the future.
I. INTRODUCTION
Recently, the emerging of high-end technologies (e.g. cloud computing, online high-definition video, high-speed wireless access) is pushing the underlying network towards the evolution of larger capacity, higher transmission rate and spectral efficiency (SE) [1] . There has been an ever-increasing research interest in the radio-over-fiber (RoF) systems due to its large bandwidth, high SE and long transmission distance, as well as the seamless combination of optical fiber and wireless communication. RoF will become a core technology in the forthcoming era of the fifth generation (5G) mobile communications [2] .
Generally, in RoF system, cascaded phase/intensity modulators, recirculating frequency shifter and optical frequency comb, as well as optoelectronic oscillator (OEO), optical heterodyne or dual-wavelength mixing are adopted to generate
The associate editor coordinating the review of this manuscript and approving it for publication was Francesco Musumeci. optical millimeter wave (MMW) [3] - [9] . However, these methods all have their own deficiencies one way or another. For example, the cascade phase modulator, due to the limited amplitude of radio frequency signals, can only generate few subcarriers with low frequency intervals and low bandwidth. In addition, the optical frequency comb or supercontinuum technique, as proposed in [7] , can only achieve generate optical signal transmission in a restricted distance because of the limited optical signal noise ratio (OSNR). In [8] , OEO is proposed to generate low-phase noise and high-quality microwave signal. However, due to the special mode interval in OEO, the signal frequency is difficult to be continuously adjustable. And the long fiber is easily affected by the environment, which causes the output frequency of the oscillator to be shifted. Moreover, by means of optical heterodyne and dual-wavelength mixing, although stable and good quality optical millimeter-wave signals can be generated, they are not flexible in generating multiple millimeter-waves of different frequencies to meet various users' needs. Besides, as a promising technology, probabilistic shaping (PS) has recently gained much attention due to its abilities of increasing the SE and reducing the average signal transmitting power [10] , [11] . It is well known that in the traditional constellation mapping, each signal point is emitted with the same probability [12] , [13] . Since the signal points in different positions of the constellation have different Euclidean Distances, the energy required to launch them is accordingly different. The closer signal points are to the origin of the constellation, the less emitting energy is required. The principle of PS is to transmit the signal points with a non-equally probability distribution. In other words, the inner signal points carrying lower energy are sent with higher probability than those in the outer positions of the constellation with higher energy, through which the average transmitted energy can be significantly reduced [11] . Therefore, PS is of great significance for the improvement of the future fiber-optic communications.
In this paper, to our best knowledge, we firstly propose an optical MMW generation of multiple frequencies and probabilities based on the dynamic variation in time and frequency domain, which can be used in RoF system to achieve flexibility and low cost. By means of adjustable crystal oscillator (ACO) and probabilistic shaping, different distribution schemes are implemented on the optical carriers of different frequencies to achieve dynamic variation in time and frequency domains, thus adaptively adjusting to the different requirements of network users. An experiment using the proposed scheme is successfully demonstrated to verify the outstanding performance. Experimental results indicate that the proposed scheme can be an efficient and future-proof solution for the wide application of 5G technology. Figure 1 shows the principle of the proposed system in this paper. As can be seen, recirculating frequency shifter (RFS) is utilized to generate multi-carriers of different frequencies, and Liquid Crystal on Silicon (LCoS) filter is used to determine the frequency difference between optical carriers. Therefore, the output serves as a multi-frequency heterodyne light source for the RoF system. The original data information is assigned into sequential time slots and adjusted by probability distribution matcher. Then the data undergo the process of constellation mapping before modulated to the signal light source. Finally, the output is mixed with multi-carriers generated by RFS for RoF transmission.
II. PRINCIPLE OF THE GENERATION OF MULTI-CARRIERS WITH DIFFERENT FREQUENCIES AND PROBABILISTIC SHAPING
The main structure of RFS is an optical loop, which consists of a 50:50 polarization maintaining optical couplers, two parallel Mach-Zehnder Modulator (MZM) for I/Q modulation, a polarization maintaining Erbium-doped fiber amplifier (EDFA) and a polarization controller (PC). The EDFA can compensate the loop loss while the PC serves to adjust the recirculating loop length [14] . The traditional recirculating frequency shifters all use the local oscillato signal of a fixed frequency to modulates the optical signal emitted by the pulse light source in I/Q modulator to generate frequency shift, and then obtain a group of frequency-locked optical multicarriers through multiple cyclings [5] , [6] , [15] . In this paper, VOLUME 7, 2019 the dynamic ACO clock module is adopted to flexibly and dynamically change the frequency of local oscillator signal. In Combination with the LCoS filter behind, the precise frequency change of optical millimeter wave can be achieved. The following article will describe its principles and effects in detail.
The continuous-wave (CW) lightwave generated from one laser is connected with one optical coupler, and regarded as the seed source for frequency shifting in I/Q modulators. Here the CW input optical seed source can be represented as
The output from one port of optical couple is modulated by I/Q modulators. The I/Q modulator is driven by a radio frequency (RF) clock signal with a fixed frequency of f s (t).
The clock signals of
are input into the I and Q circuits of the modulator respectively. R is the modulation index representing the ratio of RF signal amplitude to the half-wave voltage V m [5] . After modulation, a modulation signal with a modulation parameter of
is added in the output optical signal of I/Q modulator. Accordingly, a carrier with frequency shift of f 1 = f 0 +f s is generated, which is amplified by the EDFA and then reenters the I/Q modulator to generate a second carrier with frequency of f 2 = f 1 +f s . Assuming after N round through the recirculating loop, the amount of generated subcarriers can reach to N, and the frequency intervals are all f s [5] , [16] . In the ACO based RFS proposed in this paper, the value of f s is adjustable, while in the traditional RFS, the value of f s is fixed. We can also use a band-pass filter to control the number of subcarriers to obtain a number and frequency-locked optical multi-carriers. After the multi-carriers generation, LCoS filter is used to group the multi-carriers. The LCoS filter is employed to arbitrarily screen out two sub-carriers among the multi-carriers. Since the frequency intervals between any two identical subcarriers is all f s , the frequency intervals between the two subcarriers after screening can be considered as f s , 2f s . . . nf s , thus obtaining varieties of multi-carriers groups.
The multi-probability mapping coding aims to carry out different probability mapping schemes for these multicarriers groups respectively. PS technology flexibly transmits lower-energy signal points near the origin more than higherenergy signal points far from the origin to reduce the average transmitted power [17] . Figure 2 shows the probabilities of signal points in constellations for uniform square 16QAM.
In general, the input signal points are usually uniform distributed such as uniform square 16QAM shown in Fig. 2(A) . However, for a PS scheme, the input signal points of non-uniform distribution illustrated in Fig. 2(B) . Maxwell-Boltzmann distribution is used in the additive white Gaussian noise (AWGN) channel [18] . In the PS square 16QAM scheme, we employ the input alphabet X = {−3, −1, 1, 3}, and the probability of signal points x ∈ X is expressed as
which is called the probability mass function (PMF) of the input [19] , [18] . In the equation where the scalar R ν is used to ensure that the summation of the probabilities is 1. So different PS schemes need different values of ν. It is well known that the transmitted power can introduce nonlinear distortion, and PS technique can be of more robust resistance to noise or other impairments, thus significantly improving the bit error rate (BER) performance. Therefore, when the Euclidean distance of the constellation point is fixed, PS is used to minimize the average power to get a higher noise tolerance and improve the quality of the signal. Due to multiple groups of multi-carriers with different frequencies generated through LCoS filter in this scheme, we can map these optical carriers with different probabilities. As shown in Fig. 3(a)-(d) , the constellations of each carrier under different probability mapping are illustrated. And schematic of probabilistic shaping distribution in different timeslots is also shown in Fig. 4 . For the same carrier, different probability mapping schemes are used in different timeslots to obtain different probability distribution. Figure 5 illustrates the experimental setup. Firstly, the CW lightwave generated by an external cavity laser (ECL) at 1550 nm with 10 dBm output power serves as the optical input of the recirculating frequency shifter. The RF clock frequency can be adjusted by ACO. In the experiment, the sampling rate of arbitrary waveform generator (AWG) is 10 GSa/s, the oscilloscope is 50 GSa/s, and the bandwidth is 10 Gbaud. Here we use 10 GHz as an example. The half-wave voltage of the phase modulator is set as 4 V. In this way, the amplitude of the drive RF signal is 8.5 V, which is about two times larger than the half-wave voltage of the phase modulator.
III. EXPERIMENT AND RESULTS
We can generate dozens of subcarriers at one time in this way. Then LCoS optical filter is used to group multi-carriers. LCoS filter is used to arbitrarily screen two sub-carriers in the multi-carriers. Since the frequency between any two sub-carriers is 10 GHz, the frequency of the filtered light millimeter wave can be 10 GHz, 20 GHz, 30 GHz or larger, thus obtaining multiple multi-carriers groups. Figure 6 shows the multi-carriers spectrum obtained in the experiment and the optical millimeter wave spectrum after grouping. The frequency interval of optical carrier is 10 GHz, 20 GHz, and 30 GHz, respectively. The central control station includes ACO and LCoS filter. In the experiment, in order to ensure the carrier quality, we control the number of optical carriers generated by RFS to 20, and select 4 of them through LCoS filter. As is shown in Fig.7 , by changing the local frequency of ACO at different time, we can get multi-carriers at different frequency intervals. And the dynamic change of multi-carriers frequency can be realized through the fine filtering of LCoS filter. After LCoS filter processing of multi-carriers with frequency intervals of 20 GHz, 25 GHz and 30 GHz, the frequencyhopping multi-carriers can be obtained as shown in the Fig. 8 . So by simultaneously controlling the local frequency of ACO and the dynamic LCoS filter, the optical MMW with timefrequency dynamic changes can be generated. Figure 9 (A) shows the measured BER performance of different probability mapping for optical carrier with frequency of 20 GHz after 25 km SMF transmission in different timeslots. The curves of BER versus received optical power are measured in three different cases. The information entropy are 3.3 bits/symbol, 3.6 bits/symbol and 3.9 bits/symbol, respectively. The symbol rate in the experiment is 10 Gbaud, and the transmission rate of 40 Gbit/s is realized through 16QAM. It can be seen that in the case of the same BER (3.8×10 −3 ), for every 0.3 bits/symbol decrease in information entropy, the optical power can be roughly reduced by 1 dBm. In other words, in the case of the same optical power, using probability shaping to adjust the information entropy reasonably can improve the performance of BER.
With the same timeslot, we studied the BER performance of sub-carriers with different frequencies at different FIGURE 9. (A)The measured BER curves after different probability mapping for optical carrier with frequency of 20GHz, (B) The measured BER curves of multi-carriers with different frequency and different probability mapping on the same timeslot, (C) The measured BER curves of multi-carriers with different frequency at different probability mapping on the different timeslots.
probability mapping in Fig. 9(B) . And the measured BER curves of multi-carriers with different frequency at different probability mapping on the different timeslots is shown in Fig. 9(C) . The experiment mapped the optical millimeter waves of 20 GHz, 40 GHz and 60 GHz with different probabilities in the timeslots of t1 and t2 respectively. It can be seen that in the time-frequency dynamic change system built by the experiment in Fig. 9(C) , the information entropy can largely determine the BER. It can be seen that when the timeslot and frequency are the same and BER is 3.8 × 10 −3 , the received light power will be reduced by 0.5 dBm for every 0.15 entropy reduction. Fig. 10 shows the constellations of different time-slots multiple probabilistic shaping (MPS) 16QAM signal after fiber transmission, it can be seen that the constellation distribution of 16-QAM signals is varying when information entropy is changed.
IV. CONCLUSION
We propose an optical MMW generation scheme of multifrequency and multi-probability which can be dynamically changed in time slots and frequency slots. The ACO and LCOS filter is utilized to produce multiple groups of optical MMW with different frequencies. In this paper, three groups of frequency-hopping multi-carriers are obtained by using 20 GHz, 25 GHz and 30 GHz as the local frequency. Then the optical MMW is mapped with multiple probabilities by using probabilistic shaping technology. And the experiment uses a 20 GHz radio frequency, and generates three groups of optical MMW with frequencies of 20 GHz, 40 GHz and 60 GHz. The 10 Gbaud signal is modulated by 16-QAM and transmitted at a rate of 40 Gbit/s for 25 km. And their BER performance in VOLUME 7, 2019 time and frequency domain after different probability mapping is studied respectively. The experiment results prove the feasibility and superiority of the system. 
